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1. INTRODUCTION {#cpr12578-sec-0005}
===============

Dental and orthopaedic implants have revolutionized the treatment of patients with missing teeth or damaged bones and joints.[1](#cpr12578-bib-0001){ref-type="ref"} Success of implant placement is determined by their interactions with the host tissue occurred mostly at the implant‐tissue interface.[2](#cpr12578-bib-0002){ref-type="ref"}, [3](#cpr12578-bib-0003){ref-type="ref"} Among the many biological processes of implant‐tissue interface being evaluated, angiogenesis and osteogenesis are the two most important ones.[4](#cpr12578-bib-0004){ref-type="ref"}, [5](#cpr12578-bib-0005){ref-type="ref"}, [6](#cpr12578-bib-0006){ref-type="ref"} Implants interact with local vasculature and regulate the production of endothelial progenitor cells to form new blood vessels, which bring in oxygen, nutrition and stem cells to the interface.[7](#cpr12578-bib-0007){ref-type="ref"} Although a large number of studies have confirmed the close association between angiogenesis and osteogenesis during osseointegration process,[8](#cpr12578-bib-0008){ref-type="ref"}, [9](#cpr12578-bib-0009){ref-type="ref"} direct visualization of the two processes simultaneously remained extremely challenging due to limited research approaches.

Growing evidence has suggested that interplays between blood vessels with bone tissue occur in 3‐dimensions and are essential for regulating local stem cell populations and various signal pathways.[10](#cpr12578-bib-0010){ref-type="ref"}, [11](#cpr12578-bib-0011){ref-type="ref"} Multiple transgenic mouse models have been developed to label different types of tissues with endogenous fluorescence, including GFP and tdTomato.[12](#cpr12578-bib-0012){ref-type="ref"} These mouse models provide possibility to investigate multiple events occurred at the implant‐bone interface concomitantly.

Histological sectioning methods remain as the golden standards for visualization and quantitative measurement of peri‐implant angiogenesis and new bone formation.[9](#cpr12578-bib-0009){ref-type="ref"}, [13](#cpr12578-bib-0013){ref-type="ref"} During the sample preparation, implants were removed to enable tissue embedding and sectioning,[14](#cpr12578-bib-0014){ref-type="ref"} which inevitably destroyed the integrity of the interface.[15](#cpr12578-bib-0015){ref-type="ref"} Alternatively, ground sections were employed to study implant‐bone interface without decalcification treatment or removing implants.[15](#cpr12578-bib-0015){ref-type="ref"}, [16](#cpr12578-bib-0016){ref-type="ref"} Although calcein green dynamic labelling and several other histology staining could be performed, the hard tissue embedding process quenched endogenous fluorescence and compromised most immunofluorescence staining signals.[17](#cpr12578-bib-0017){ref-type="ref"}, [18](#cpr12578-bib-0018){ref-type="ref"} In addition, only very few ground sections could be achieved from a sample, which provided very limited information for the whole tissue.[19](#cpr12578-bib-0019){ref-type="ref"}, [20](#cpr12578-bib-0020){ref-type="ref"} µCT remains to be the only available approach to investigate an intact bone‐implant interface in 3‐dimension. It cannot visualize cellular component or fluorescent signals.

Another technical challenge for studying implant‐tissue interface is quantification. Implant‐tissue interface occurs in complicated three‐dimensional form. Sectioning image provides only 2‐D information. Quantification results vary significantly depending on sectioning and sampling locations. In contrast, 3‐D imaging provides spatial information of the whole sample and quantification result is more faithful and comprehensive.

Tissue clearing technique enables deep 3‐D imaging of tissues with a confocal, two‐photon or light‐sheet microscope by turning them transparent.[21](#cpr12578-bib-0021){ref-type="ref"}, [22](#cpr12578-bib-0022){ref-type="ref"}, [23](#cpr12578-bib-0023){ref-type="ref"}, [24](#cpr12578-bib-0024){ref-type="ref"}, [25](#cpr12578-bib-0025){ref-type="ref"}, [26](#cpr12578-bib-0026){ref-type="ref"} Hard tissues are opaque because of mismatched refractive index (RI) among various components, including minerals, lipids, pigments and water. All tissue clearing methods followed similar principle which is to remove components blocking or diffracting the light. Transparency can finally be achieved after the tissue interstitial fluid is replaced with clearing medium with consistent RI.[27](#cpr12578-bib-0027){ref-type="ref"} Once the transparency being reached, images can be acquired even at several millimetres depth with high resolution.

Current tissue clearing methods can be classified into three major categories: (a) Organic solvent‐based clearing methods, including DISCO series,[23](#cpr12578-bib-0023){ref-type="ref"}, [28](#cpr12578-bib-0028){ref-type="ref"}, [29](#cpr12578-bib-0029){ref-type="ref"} Fluoclear[22](#cpr12578-bib-0022){ref-type="ref"} and polyethylene glycol (PEG)‐associated solvent system (PEGASOS).[30](#cpr12578-bib-0030){ref-type="ref"} (b) Aqueous reagent‐based clearing methods, including Scale,[31](#cpr12578-bib-0031){ref-type="ref"} ClearT,[32](#cpr12578-bib-0032){ref-type="ref"} SeeDB,[33](#cpr12578-bib-0033){ref-type="ref"} CUBIC series.[25](#cpr12578-bib-0025){ref-type="ref"}, [34](#cpr12578-bib-0034){ref-type="ref"}, [35](#cpr12578-bib-0035){ref-type="ref"} (c) Hydrogel‐based clearing methods, including CLARITY,[24](#cpr12578-bib-0024){ref-type="ref"} PACT.[21](#cpr12578-bib-0021){ref-type="ref"} Three major criteria to evaluate a clearing method include transparency outcome, fluorescent preservation and applicability of tissues. Overall, solvent‐based methods achieve better transparency than other types. Aqueous methods achieve better fluorescence preservation than other methods. Several methods have been developed for clearing hard tissues, including PACT‐deCAL,[21](#cpr12578-bib-0021){ref-type="ref"} mPACT,[36](#cpr12578-bib-0036){ref-type="ref"} CUBIC,[25](#cpr12578-bib-0025){ref-type="ref"} Bone CLARITY,[37](#cpr12578-bib-0037){ref-type="ref"} PEGASOS[30](#cpr12578-bib-0030){ref-type="ref"} and vDISCO.[28](#cpr12578-bib-0028){ref-type="ref"} Among them, PEGASOS has its unique advantages as it achieved favourable transparency of both soft and hard tissues with fluorescence preservation, relatively short time and low cost. Intact mouse head, mandible bone with teeth, knee joint and long bone could be imaged with a two‐photon microscope after tissue clearing process without sectioning.[30](#cpr12578-bib-0030){ref-type="ref"}

In the current study, we introduced the application of the PEGASOS method on studying the implant‐bone interface. A transgenic mouse model, *Cdh5‐Cre^ERT2^*; *Ai14* mouse line, was used to label blood vessels specifically. Angiogenesis and osteogenesis at the interface of stainless steel (SS) implants or titanium (Ti) implants were investigated. We demonstrated that 3‐D imaging based on PEGASOS tissue clearing method is a useful new tool for investigating the implant‐tissue interface.

2. MATERIALS AND METHODS {#cpr12578-sec-0006}
========================

2.1. Animal breeding and tamoxifen induction {#cpr12578-sec-0007}
--------------------------------------------

All protocols for animal care and experiments were reviewed and approved by the Institutional Animal Care and Use Committee at Texas A&M University, College of Dentistry. *Cdh5‐Cre^ERT2^*mice[38](#cpr12578-bib-0038){ref-type="ref"} (provided by Dr Woo‐Ping Ge in the UTSW with MTA form approved by Cancer Research Limited) were crossed with *Ai14*(JAX 007908) reporter mice. Tamoxifen (Sigma Aldrich, St. Louis, MO, USA, Sigma Prod. No. T5648) dissolved in corn oil was injected intraperitoneally for adult *Cdh5‐Cre^ERT2^*; *Ai14* mice (6‐8 weeks of age) with dosage of 9 mg/40 g body weight daily for 2 days.

2.2. Implant placement surgery {#cpr12578-sec-0008}
------------------------------

*Cdh5‐Cre^ERT2^*; *Ai14* mice at 6‐8 weeks of age were anaesthetized with an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). Mandibular first molars were extracted with forceps. Following that, titanium implant (0.6‐mm‐diameter titanium dentine pins, STABILOK) or stainless steel dentin pin (0.6‐mm‐diameter stainless steel dentin pins, STABILOK) was screwed into the extraction socket with \~1.5 mm depth and was cut at the level of gingiva level.

2.3. μCT analysis {#cpr12578-sec-0009}
-----------------

Mandible samples were placed in a 12.3 mm tube, and μCT scanning was performed using a SCANCO μCT35 device at Texas A&M University, College of Dentistry. The μCT images were acquired with the X‐ray source at 70 kV voltage. The data were collected at a voxel size of 7 μm resolution. The reconstruction of 3‐D images was performed with [imaris]{.smallcaps} 9.0 (Bitplane, AG, Zurich, Switzerland).

2.4. PEGASOS tissue clearing process {#cpr12578-sec-0010}
------------------------------------

Polyethylene glycol‐associated solvent system tissue clearing was performed as previously described.[30](#cpr12578-bib-0030){ref-type="ref"} Mice were transcardially perfused with 50 mL heparin‐PBS (10 U/ml heparin sodium in 0.01 M PBS) and 20 mL 4% PFA (4% paraformaldehyde in 0.01 M PBS, pH 7.4). Samples were then fixed in 4% PFA overnight at room temperature. For decalcification treatment, mandibles were then immersed in 20% *w/v* EDTA (pH 8.0) (Sigma‐Aldrich; E9884) solution at 37°C for 4 days and EDTA solution was refreshed daily. For non‐decalcified PEGASOS, above EDTA treatment was skipped. Next, samples were decolourized with 25% (*v*/*v* in H~2~O) Quadrol (Sigma‐Aldrich; 122262) solution for 2 days at 37°C to remove blood heme under constant shaking. Serial delipidation was then performed at 37°C under constant shaking for 6 hours/solution: 30% tert‐Butanol (tB, Sigma‐Aldrich; 471712) solution, 50% tB solution and 70% tB solutions. 30% tB solution is composed of 70% *v*/*v* H~2~O, 27% *v*/*v* tB and 3% *w/v* Quadrol. 50% tB solution is composed of 50% *v*/*v* H~2~O, 47% *v*/*v* tB and 3% *w*/*v* Quadrol. 70% tB solution is composed of 30% *v*/*v* H~2~O, 67% *v*/*v* tB and 3% *w*/*v* Quadrol. Following delipidation, samples were dehydrated in tB‐PEG solution composed of 70% tB, 27% (*v*/*v*) poly(ethylene glycol) methyl ether methacrylate average Mn500 (PEG MMA500) (Sigma‐Aldrich; 447943) and 3% (*w*/*v*) Quadrol at 37°C. Finally, samples were immersed in the BB‐PEG clearing medium which is composed of 75% (*v*/*v*) benzyl benzoate (BB) (Sigma‐Aldrich; B6630), 22% (*v*/*v*) PEG MMA500 and 3% (*w*/*v*) Quadrol. Complete transparency could be achieved usually within 24 hours. Samples could be preserved in the BB‐PEG clearing medium at room temperature for storage and imaging.

2.5. Imaging acquisition {#cpr12578-sec-0011}
------------------------

Fluorescent images of mouse mandible or peri‐implant region were acquired with (ZEISS, Oberkochen, Germany) LSM 780 Upright (ZEISS) or ZEISS LSM 880 Inverted two‐photon microscopy. Following objectives were used for our study. A 10×/0.3NA objective (ZEISS; EC Plan‐Neofluar, 10×/0.3, working distance: 5.2 mm) was used on either microscope; a 25×/0.8NA multi‐immersion objective (ZEISS; LD LCI Plan‐Apochromat 25×/0.8 lmm Corr DIC M27 for oil, water or glycerine immersion, working distance: 0.57 mm) was used on ZEISS LSM 780 Upright. Fluorescence images of 4 channels were captured sequentially with BP420‐480, BP500‐550 filters. A 561 nm excitation laser line and emission between 570 and 630 nm were used for acquiring tdTomato signal. A 488 nm excitation laser line and emission between 504 and 556 nm were used for acquiring calcein green signal. Reflection light was triggered by 16% of 488 nm laser. Coherent Chameleon Ultra II Ti:sapphire laser at 950 nm wavelength and non‐descanned detector were used for second harmonic signals (SHG) imaging.

For 10×/0.3 objective, image stacks were acquired at 1024 × 1024 pixels resolution (pixel size 1.19 μm) with 5 μm *z*‐step. With 25×/0.8NA objective, images stacks were acquired at 1024 × 1024 pixels resolution (pixel size: 0.474 μm) with a 2 μm *z*‐step. Deconvolution was performed with Autoquant X3 (Media Cybernetics, Rockville, MD, USA) by using blind deconvolution parameter set‐up.

2.6. 3‐D reconstruction of images {#cpr12578-sec-0012}
---------------------------------

Individual channels were merged with [imagej]{.smallcaps} (NIH, Bethesda, MD, USA). Three‐dimensional reconstruction and quantitative analysis were performed with [imaris]{.smallcaps} 9.0 (Bitplane). When performing reflection imaging, non‐specific reflecting signal was also detected in bone tissue. To remove the background noise, reflection signal from the implant on each optical slice was manually outlined to create a Surface. The reflection light channel was masked under the created "Surface," and a new individual channel was created to depict only the implant without background noise. Image stacks were reconstructed using the "volume rendering" function. Snapshot was generated using the "Snapshot" function. Movies were generated using the "Animation" function.

2.7. Quantitative analysis of blood vessels volumes and bone volume {#cpr12578-sec-0013}
-------------------------------------------------------------------

Quantitative analysis was performed with [imaris]{.smallcaps} 9.0 (Bitplane). A 150 × 150 × 150 μm stack in the thread grooves of each implant was defined as region of interest (ROI). Only the channel representing blood vessels was involved in analysis. Volume of selected blood vessels in the ROI was quantified using "Statistics" function. For each sample, at least four randomly selected ROIs were selected for quantification.

Bone volume was quantified based on the Second Harmonic Generation signal (SHG). ROI was generated in the SHG signal channel. Volume of selected structure in ROI was quantified using "Statistics" function.

2.8. Analysis of vasculature‐implant direct contact points {#cpr12578-sec-0014}
----------------------------------------------------------

Stacks of 150 μm thickness containing both tdTomato and reflection signal channels are selected near the implant groove surface. Direct contact between blood vessels and implant can be visualized on individual optical slice. The number of direct contact points can then be measured for the entire image stack.

2.9. BV/TV quantification {#cpr12578-sec-0015}
-------------------------

Bone volume/total volume (BV/TV) quantification in μCT image data was performed with [imaris]{.smallcaps} 9.0. BV/TV was defined as: the volume of selected high‐density region/total volume of ROI.

2.10. Statistic analysis {#cpr12578-sec-0016}
------------------------

N numbers are displayed in the figures. Data are presented as mean ± standard deviation using Student's *t* tests or one‐way ANOVA. Statistical analysis was performed with Microsoft Excel and GraphPad Prism.

2.11. Data availability {#cpr12578-sec-0017}
-----------------------

The data that support the findings of this study are available from the corresponding author, HZ, upon reasonable request.

3. RESULTS {#cpr12578-sec-0018}
==========

3.1. PEGASOS tissue clearing method efficiently renders mandible bones and teeth transparent {#cpr12578-sec-0019}
--------------------------------------------------------------------------------------------

*Cdh5‐Cre^ERT2^*; *Ai14* mouse model was used for implant placement (Figure [S1](#cpr12578-sup-0001){ref-type="supplementary-material"}a). Tamoxifen induction was performed for adult mice of 6‐8 weeks of age. Based on previous experience, all blood vessels including arteries, veins and capillaries can be labelled within 1 week after tamoxifen induction.[38](#cpr12578-bib-0038){ref-type="ref"} Implant placement surgery was performed 1 week after induction（Figure [S1](#cpr12578-sup-0001){ref-type="supplementary-material"}b‐d）. Soft tissue healed rapidly 1 week after surgery and formed peri‐implant sealing（Figure [S1](#cpr12578-sup-0001){ref-type="supplementary-material"}e）. Mice with mandibles were sacrificed at 1, 7, 14 or 21 days after surgery (Figure [S1](#cpr12578-sup-0001){ref-type="supplementary-material"}a).

Mice mandibles were collected and processed following PEGASOS method with or without decalcification treatment (Figure [S2](#cpr12578-sup-0001){ref-type="supplementary-material"}a,b). Clearing with decalcification achieved better transparency. Mandibles and teeth were nearly invisible, and implant could be directly visualized (Figure [S2](#cpr12578-sup-0001){ref-type="supplementary-material"}c,d). Partial transparency was achieved without decalcification. Mandible was partially transparent, but teeth were not. Implant could still be clearly visualized. (Figure [S2](#cpr12578-sup-0001){ref-type="supplementary-material"}e,f). To investigate whether clearing treatment compromises bone structures, µCT images were acquired before and after clearing treatment (without decalcification; Figure [S2](#cpr12578-sup-0001){ref-type="supplementary-material"}g,h). Overlaid image showed no detectable difference, indicating clearing treatment had no significant impact on bone organization (Figure [S2](#cpr12578-sup-0001){ref-type="supplementary-material"}i).

3.2. PEGASOS‐based deep imaging acquires multi‐channel images of implant‐tissue interface with high resolution {#cpr12578-sec-0020}
--------------------------------------------------------------------------------------------------------------

Next, we tested appropriate conditions for imaging endogenous fluorescence, non‐fluorescent bone tissue and implant. Confocal or two‐photon microscope was used for our study. Adult *Cdh5‐Cre^ERT2^*; *Ai14* mice were induced with tamoxifen, and titanium implant was placed. Samples were collected 1 month later for processing and imaging. Three‐channel image stacks of 500 µm thickness near the implant were acquired with 25×/0.8NA objective (Figure [1](#cpr12578-fig-0001){ref-type="fig"}A‐C,E‐G,I‐K). TdTomato signal labelled all the blood vessels. After clearing with PEGASOS method with decalcification treatment, signals of tdTomato could be clearly detected at 50, 200 or 500 μm depth (Figure [1](#cpr12578-fig-0001){ref-type="fig"}A,B,C). A 3‐D reconstruction displayed spatial organization of blood vessels including capillaries with diameter of no more than 5 μm (Figure [1](#cpr12578-fig-0001){ref-type="fig"}D). SHG signal arises from type I collagen which is enriched in mature bone and dental tissues. SHG signal could be clearly detected at 50, 200 or 500 μm depth (Figure [1](#cpr12578-fig-0001){ref-type="fig"}D,F,G). 3‐D reconstruction displayed spatial organization of alveolar trabecular bone (Figure [1](#cpr12578-fig-0001){ref-type="fig"}H). Reflection signal was used to image the implant surface (Figure [1](#cpr12578-fig-0001){ref-type="fig"}I‐L). We used 488 nm laser as the reflection excitation light. The outline of implant could be clearly identified in optical slices at 50 or 200 μm depth (Figure [1](#cpr12578-fig-0001){ref-type="fig"}I,J). The diameter of the implant is 600 μm, and reflected light could not pass through the radius position. Therefore, no signal was detected beyond 500 μm depth (Figure [1](#cpr12578-fig-0001){ref-type="fig"}K). 3‐D reconstruction of the reflection signal depicted half side of the implant surface (Figure [1](#cpr12578-fig-0001){ref-type="fig"}L, Movie [S1](#cpr12578-sup-0002){ref-type="supplementary-material"}). Working distance of ZEISS 25×/0.8NA objective is no more than 500 μm. When using a 10×/0.3NA objective with 5.2 mm working distance, tdTomato and SHG signal could be detected as deep as 800 μm (Figure [1](#cpr12578-fig-0001){ref-type="fig"}O‐Q).

![Polyethylene glycol (PEG)‐associated solvent system (PEGASOS)‐based deep imaging enables multi‐channel imaging of implant‐tissue interface with high resolution. Adult *Cdh5‐Cre^ERT2^*; *Ai4* mice (6 wk of age) were used for titanium implant placement. Mandible samples were processed following PEGASOS method with decalcification treatment. Images were acquired with 25× (working distance 0.57 mm) (panels A‐L, N) or 10× (working distance 5.2 mm) (panels M, O, P, Q) objective. A‐C, Optical sections of tdTomato signal displaying blood vessels (tdTomato) near the implant at the depth of 50 μm (A), 200 μm (B) or 500 μm (C). D, 3‐D view of a 150‐μm‐thick optical stack of tdTomato signal displaying blood vessels near the implant. Arrows show capillaries with the diameter of \~5 μm. E‐G, Optical sections of second harmonic generation (SHG) signal displaying bone near implants at the depth of 50 μm (E), 200 μm (F) or 500 μm (G). H, 3‐D view of a 150‐μm‐thick optical stack of SHG signal displaying bone tissue near the implant. I‐K, Optical sections of reflection signal displaying implants at the depth of 50 μm (I), 200 μm (J) or 500 μm (K). No signal was detected at depth of 500 μm (K) because the reflection signal could not pass through the diameter of the implant. L, 3‐D view of a 150‐μm‐thick optical stack of reflection signal showing the implant. M, A 400‐μm‐thick optical stack showing a titanium implant within the mandible bone with surrounding vasculature. N, Optical section of boxed area in (M) was acquired with a 25× objective. Yellow arrows show blood vessels in direct contact with the implant surface. Blue arrows indicate direct bone‐implant contact. O‐Q, Optical sections showing blood vessels (O) and bone (P) at the depth of 800 μm in the mandibular furcation region. Scale bars, 100 μm in panel M, 50 μm in other panels. im, implant](CPR-52-e12578-g001){#cpr12578-fig-0001}

We imaged a 3413 × 2317 × 400 μm volume with a 10×/0.3NA objective using a two‐photon microscope. Alveolar bone and dental root, which were enriched with Collagen I, could be detected with SHG. Enriched blood vessels were detected surrounding the implant and within the bone marrow space (Figure [1](#cpr12578-fig-0001){ref-type="fig"}M). Selected area near the implant surface was re‐imaged with a 25×/0.8NA objective. Enriched blood vessel and bone were clearly detected on the implant surface with direct contacts with the implant surface (arrows in Figure [1](#cpr12578-fig-0001){ref-type="fig"}N, Movie [S2](#cpr12578-sup-0003){ref-type="supplementary-material"}).

3.3. PEGASOS clearing process preserves intact bone‐implant interface {#cpr12578-sec-0021}
---------------------------------------------------------------------

It remains controversial whether decalcification compromises the bone‐implant interface. In addition, it remains unknown whether SHG signal can truly display the bone structure with sufficient details. To test this, we harvested a mandible sample 1 month after titanium implant placement. μCT images were acquired prior to clearing process. Next, the sample was cleared following the PEGASOS decalcification method and SHG signal was imaged. We were able to locate an identical anatomical region in both μCT and SHG image dataset for comparison. Both μCT and SHG signal revealed trabecular bone organization near the implant surface (Figure [2](#cpr12578-fig-0002){ref-type="fig"}A,B). Overlaying the two images showed complete overlapped details from the two datasets (Figure [2](#cpr12578-fig-0002){ref-type="fig"}C). Boxed area on the implant surface was zoomed in. In μCT image, bone on the implant surface could not be distinguished from the implant due to metal halation artefact (Figure [2](#cpr12578-fig-0002){ref-type="fig"}D).[39](#cpr12578-bib-0039){ref-type="ref"}, [40](#cpr12578-bib-0040){ref-type="ref"} In contrast, SHG signal image showed no such artefact and the boundary between bone and implant could be clearly identified (Figure [2](#cpr12578-fig-0002){ref-type="fig"}E). Overlaying of the two images indicates nearly all structures revealed with μCT analysis were also displayed in SHG image (Figure [2](#cpr12578-fig-0002){ref-type="fig"}F). In summary, PEGASOS decalcification method preserves intact bone‐implant interface and SHG signal reveals better bone tissue details than μCT analysis.

![Second harmonic generation (SHG) signal presents intact bone microstructure at the implant‐bone interface without artefact. Wild‐type mice were used for implant placement. Mandible samples were collected 1 mo after placement and processed following polyethylene glycol (PEG)‐associated solvent system clearing protocol with decalcification treatment. A, μCT image of the bone‐implant interface acquired before decalcification. High‐density bone and implant were shown in red colour. B, SHG signal (green) was acquired after clearing with a two‐photon microscope at identical position as in panel A. C, Overlay of (A) and (B). D‐F, Boxed area in (A), (B) and (C) were enlarged. Arrows in d indicate halation artefact of μCT. Scale bars, 50 μm](CPR-52-e12578-g002){#cpr12578-fig-0002}

3.4. PEGASOS renders non‐decalcified mandibles partially transparent and enables visualization of calcein green signal {#cpr12578-sec-0022}
----------------------------------------------------------------------------------------------------------------------

Calcein green labelling is a routine technique for investigating dynamic osteogenic activity of the bone tissue by detecting their calcium precipitation and is not compatible with decalcification treatment.[41](#cpr12578-bib-0041){ref-type="ref"} Mandible bones cleared with PEGASOS method without decalcification achieved only partial transparency. We tested whether calcein green labelling signal can be visualized in 3‐D. Adult *Cdh5‐Cre^ERT2^*; *Ai14* mice of 6‐8 weeks of age were induced with tamoxifen. Seven days later, calcein green was injected and mice were sacrificed 24 hours later. Mandibles were processed following PEGASOS without decalcification procedure. Samples were imaged with a 10×/0.3NA objective on a two‐photon microscope. Optical slices of tdTomato signal (Figure [3](#cpr12578-fig-0003){ref-type="fig"}A‐C), SHG signal (Figure [3](#cpr12578-fig-0003){ref-type="fig"}D‐F) and calcein green signal (Figure [3](#cpr12578-fig-0003){ref-type="fig"}G‐I) were acquired at 100, 200 and 300 μm depth. Signal quality deteriorated significantly when the depth is over 350 μm (data not shown). Images with merged three channels at 100, 200 and 300 μm depth clearly showed that calcium precipitation represented by calcein green signal is exclusively surrounding the vasculature within the bone marrow space (Figure [3](#cpr12578-fig-0003){ref-type="fig"}J,K,L). A 3‐D image stack acquired near the root clearly showed enriched vasculature and active osteogenic activity adjacent to the root (Figure [3](#cpr12578-fig-0003){ref-type="fig"}M). These results indicate that, despite reduced tissue transparency, PEGASOS clearing method without decalcification treatment still enables 3‐D imaging of calcein green labelling together with other labels.

![Polyethylene glycol (PEG)‐associated solvent system (PEGASOS) clearing without decalcification treatment enables visualization of calcein green labelling signal. Adult *Cdh5‐Cre^ERT2^*; *Ai4* mice (2 mo of age) were induced with tamoxifen and calcein green was injected. Mandible samples were processed following PEGASOS method without decalcification treatment. Images were acquired with a 25× objective on a ZEISS two‐photon microscope. A‐C, Optical sections of tdTomato signal showing blood vessels in the furcation region at the depth of 100 μm (A), 200 μm (B) or 300 μm (C). D‐F, Optical sections of second harmonic generation signal showing bone at the depth of 100 μm (D), 200 μm (E) or 300 μm (F). G‐I, Optical sections of calcein green signal showing calcium precipitation at the depth of 100 μm (G), 200 μm (H) or 300 μm (I). J‐L, Merged images of three channels. White arrows indicate calcium precipitation occurs exclusively surrounding blood vessels. M, 3‐D optical stack of \~150 μm thickness showing active calcium precipitation (green) and blood vessels (red) near the root surface (cyan). Box indicates approximate position where panels A‐L were acquired. Scale bars, 50 μm](CPR-52-e12578-g003){#cpr12578-fig-0003}

3.5. Deep imaging of cleared mandible bone samples with decalcification revealed angiogenesis and osteogenesis processes at the titanium implant‐bone interface {#cpr12578-sec-0023}
---------------------------------------------------------------------------------------------------------------------------------------------------------------

Next, we investigated the osteogenesis and angiogenesis processes at the titanium implant‐bone interface. On the next day of the titanium implant placement surgery (Day 1), few blood vessels were detected near the implant surface (Figure [4](#cpr12578-fig-0004){ref-type="fig"}A1,A3). Little SHG signal was detected near the implant surface (Figure [4](#cpr12578-fig-0004){ref-type="fig"}A2,A3). Enlarged images confirmed the lack of vasculature and bone near the implant surface (Figure [4](#cpr12578-fig-0004){ref-type="fig"}A4,A5). One week after procedure, significant amount of blood vessels was visualized within the implant thread grooves. Direct contacts were visualized between blood vessels and implant surface (Figure [4](#cpr12578-fig-0004){ref-type="fig"}B1,B3,B4). Little bone was detected in the thread grooves of the implant at this time point (Figure [4](#cpr12578-fig-0004){ref-type="fig"}B2,B3,B5). Two weeks after surgery, more blood vessels were detected within the thread grooves. Most of them were 2‐5 μm in diameter and contacted directly with the implant surface (Figure [4](#cpr12578-fig-0004){ref-type="fig"}C1,C3,C4). Stronger SHG signal within the thread grooves was detected, suggesting more new bone formation within the thread grooves (Figure [4](#cpr12578-fig-0004){ref-type="fig"}C2,C5). Three weeks after surgery, blood vessels were much enriched within the thread groove. Plenty of contacts were observed between blood vessels and the implant surface (Figure [4](#cpr12578-fig-0004){ref-type="fig"}D1,D3,D4). Stronger SHG signal was detected in direct contact with the implant. Woven bone organization was observed, suggesting successful osseointegration of the implant (Figure [4](#cpr12578-fig-0004){ref-type="fig"}D2,D5). The vasculature volume, bone volume and vasculature‐implant contact points were quantified with [imaris]{.smallcaps} 9.0 software based on 3‐dimensional images (Figure [4](#cpr12578-fig-0004){ref-type="fig"}E‐G). Quantified analysis confirmed our previous observation. The bone volume changes at 1, 7, 14 or 21 days after titanium implant placement were also demonstrated with μCT analysis, which showed a similar trend after implant placement (Figure [S3](#cpr12578-sup-0001){ref-type="supplementary-material"}a‐d). All the results indicated that angiogenesis occurs prior to osteogenesis and takes no more than 2 weeks to complete after titanium implant placement. Osteogenesis occurs following angiogenesis and takes around 3 weeks to form implant osseointegration.

![Three‐dimensional analysis indicates the progressive angiogenesis and osteogenesis on the surface of titanium implants during the osseointegration process. Adult *Cdh5‐Cre^ERT2^*; *Ai4* mice (2 mo of age) were used for titanium implant placement. Samples cleared with decalcified polyethylene glycol (PEG)‐associated solvent system method were imaged with a two‐photon microscope. Optical stacks of 150 μm thickness were acquired to demonstrate blood vessels (tdTomato, red) surrounding the interface between implant (reflection image, blue) and mandible bone (second harmonic generation, green). A1‐A3, Images were acquired with 10× objective 1 d after implant placement. A4‐A5, Boxed areas in A1 and A2 were re‐imaged with a 25× objective. A1‐A3, Images were acquired with 10× objective 1 wk after implant placement. B4‐B5, Boxed areas in B1 and B2 were re‐imaged with a 25× objective. C1‐C3, Images were acquired with 10× objective 2 wk after implant placement. C4‐C5, Boxed areas in C1 and C2 were re‐imaged with a 25× objective. D1‐D3, Images were acquired with 10× objective 3 wk after implant placement. D4‐D5, Boxed areas in D1 and D2 were re‐imaged with a 25× objective. E, Total blood vessels volumes in a 150 × 150 × 150 μm image stack near the implant surface at different time points were quantified, n = 4. F, Percentiles of bone tissue volume in a 150 × 150 × 150 μm image stack near the implant surface at different time points were quantified, n = 4. G, Numbers of direct contact points between the implant and blood vessels at various time points were quantified, n = 4. Scale bars, 100 μm. bv, blood vessels; im, implant; nb, new bone](CPR-52-e12578-g004){#cpr12578-fig-0004}

3.6. Angiogenesis surrounding stainless steel implants progressed normally, but osteogenesis progressed more poorly than surrounding titanium implants {#cpr12578-sec-0024}
------------------------------------------------------------------------------------------------------------------------------------------------------

Next, we evaluated the angiogenesis and osteogenesis processes at the stainless steel implant‐tissue interface (Figure [4](#cpr12578-fig-0004){ref-type="fig"}). Similar to the titanium implant, 1 day after implant placement, few blood vessels or bones were visualized near the steel implant surface (Figure [5](#cpr12578-fig-0005){ref-type="fig"}A1‐A5). One week after implant placement, enriched blood vessels, but little bone, were visualized near the implant surface (Figure [5](#cpr12578-fig-0005){ref-type="fig"}B1‐B5). Two weeks after implant placement, enriched blood vessels were detected at the interface. The amount of bone close to the implant surface remained low. Three weeks later, the density of blood vessels continued to increase. Stronger SHG signal could be detected, but still little was found to contact directly with implant surface. Quantitative comparison was made between the titanium and stainless steel implants using "vessel volume, bone volume and vasculature‐implant contact points" as the index (Figure [5](#cpr12578-fig-0005){ref-type="fig"}E‐G). No significant difference was found among blood vessel volumes at different time points between these two types of implant. The slightly less vasculature‐implant direct contact points in stainless steel implants group suggest stainless steel might be less amenable than titanium. The bone amount surrounding the stainless steel implant was much lower than that of titanium implants at Day 14 and Day 21. µCT analysis also showed similar bone density change surrounding stainless steel implants (Figure [S3](#cpr12578-sup-0001){ref-type="supplementary-material"}E‐I).

![Three‐dimensional quantitative analysis shows comparable angiogenesis but reduced osteogenesis on the surface of stainless steel implants than on titanium implants surface. Adult *Cdh5‐Cre^ERT2^*; *Ai4* mice (2 mo of age) were used for stainless steel implant placement. Samples with stainless steel implants were cleared with decalcified polyethylene glycol (PEG)‐associated solvent system method and imaged in the same way as for the titanium implants. Optical stacks of 150 μm thickness were acquired to demonstrate blood vessels (tdTomato, red) surrounding the interface between implant (reflection image, blue) and mandible bone (second harmonic generation, green). (A1‐A3) Images were acquired with 10× objective 1 d after implant placement. A4‐A5, Boxed areas in A1 and A2 were re‐imaged with a 25× objective. B1‐B3, Images were acquired with 10× objective 1 wk after implant placement. B4‐B5, Boxed areas in B1 and B2 were re‐imaged with a 25× objective. C1‐C3, Images were acquired with 10× objective 2 wk after implant placement. C4‐C5, Boxed areas in C1 and C2 were re‐imaged with a 25× objective. D1‐D3, Images were acquired with 10× objective 3 wk after implant placement. D4‐D5, Boxed areas in D1 and D2 were re‐imaged with a 25× objective. E, Comparison of total blood vessel volumes around Ti and SS implants at different time points. The quantification results for Ti implants were from Figure [2](#cpr12578-fig-0002){ref-type="fig"}. n = 4. F, Comparison of percentiles of bone matrix volume near Ti and SS implants at different time points. n = 4. G, Comparison of number of direct contact points between the implant and blood vessels at different time points. n = 4. Scale bars, 100 μm. bv, blood vessels; im, implant; nb, new bone](CPR-52-e12578-g005){#cpr12578-fig-0005}

3.7. 3‐D imaging of non‐decalcified samples revealed distinct calcium precipitation activities surrounding titanium or stainless steel implants {#cpr12578-sec-0025}
-----------------------------------------------------------------------------------------------------------------------------------------------

To further test the mineral deposition activity near these two implant surfaces, we performed calcein green labelling to mark the calcium precipitation regions. Three weeks after titanium implant placement, abundant blood vessels were detected surrounding the titanium implant surface (Figure [6](#cpr12578-fig-0006){ref-type="fig"}A). Strong calcein green signal was detected suggesting highly active osteogenic process (Figure [6](#cpr12578-fig-0006){ref-type="fig"}A). Enlarged images indicated existence of calcein green signal immediately on the titanium implant surface in close association with blood vessels (Figure [6](#cpr12578-fig-0006){ref-type="fig"}B‐D). In contrast, little calcein green signal was detected surrounding the stainless steel implants 3 weeks after surgery (Figure [6](#cpr12578-fig-0006){ref-type="fig"}E). Although plenty of blood vessels were visualized on the stainless steel implant surface (Figure [6](#cpr12578-fig-0006){ref-type="fig"}F‐H), little calcein green signal was detected surrounding blood vessels near the implant surface (Figure [6](#cpr12578-fig-0006){ref-type="fig"}G,H). Active calcein green signal was only detected at a distance from the stainless steel implant surface (Figure [6](#cpr12578-fig-0006){ref-type="fig"}E).

![Calcein green labelling indicates distinct calcium precipitation activity on surfaces of stainless steel or titanium implants. Adult *Cdh5‐Cre^ERT2^*; *Ai4* mice (6 wk of age) were used for implant placement and calcein green labelling. Mandible samples were processed following polyethylene glycol (PEG)‐associated solvent system method without decalcification treatment. Images were acquired with 10× (A and E) or 25× (B, C, D, F, G and H) objective on a ZEISS two‐photon microscope. A, An optical stack of 150 μm showing enriched blood vessels (red) and calcium precipitation activity (green) near titanium implant (white). B, Boxed area in (A) was re‐imaged with a 25× objective. C, Optical section of boxed area in (B). Yellow arrows show blood vessels in direct contact with the implant surface. Blue arrows indicate calcium deposition at the implant surface. D, Optical section of boxed area in (B) showing association of angiogenesis and osteogenesis near the implant surface. E, An optical stack of 150 μm showing blood vessels and calcium precipitation activity near the stainless steel implant. F, Boxed area in (E) was re‐imaged with a 25× objective. G, Optical section of boxed area in (F) shows abundant blood vessels near the stainless steel implant. H, Optical section of boxed area in (F) shows sparse calcium precipitation near the stainless steel implant surface](CPR-52-e12578-g006){#cpr12578-fig-0006}

4. DISCUSSION {#cpr12578-sec-0026}
=============

Tissue clearing technique has been widely used in neuroscience research for years. Our current study is the first of its applications on investigating the implant‐tissue interface. Capability of the PEGASOS method to clear both hard and soft tissue organs plays critical roles for such application. Bones and teeth could be cleared to nearly invisible after treatment. In addition, the treatment procedure preserves endogenous fluorescence better than other solvent‐based clearing methods, including 3DISCO, uDISCO and FluoClear.[30](#cpr12578-bib-0030){ref-type="ref"} The fluorescence preservation is critical for acquiring multi‐channel 3‐D images after tissue clearing and enables applications of multiple transgenic mouse models to investigate implant‐tissue interface. Combining with fluorescent reporter mouse lines, multi‐colour 3‐D investigation of implant‐bone interface is becoming possible. Inside structures and implant surface can be directly visualized with a regular confocal or two‐photon microscope without sectioning.

The depth of imaging is mainly determined by tissue transparency and working distance of microscope objectives. Complete transparency of hard tissue is challenging due to the presence of hydroxyapatite crystal, colourized bone marrow and, most importantly, different refractive index (RI) among different tissue components. The favourable transparency achieved with PEGASOS can be attributed to the combination of decalcification, decolourization, delipidation and the high RI (1.543) of BB‐PEG clearing medium, which is close to the average RI (1.53) of decalcified bone.[30](#cpr12578-bib-0030){ref-type="ref"}, [42](#cpr12578-bib-0042){ref-type="ref"}, [43](#cpr12578-bib-0043){ref-type="ref"} In our current work, with PEGASOS decalcification clearing method, we were able to acquire 3‐D images up to 800 µm depth. Image resolution dropped when the depth is over 1 mm in the bone (data not shown). In our other study, we were able to acquire images up to 3 mm depth on a cleared dog tibia bone sample.[30](#cpr12578-bib-0030){ref-type="ref"}

Partial transparency was achieved for non‐decalcified mandible bone sample, which can be attributed to high RI of the BB‐PEG clearing medium. Images with satisfactory resolution could be achieved up to 300 µm depth, which is sufficient for our research purposes. Such capability further broadens the application of PEGASOS in hard tissue research because decalcification treatment compromises calcein green or doxycycline incorporation signal. Although 3‐D dynamic labelling was tested using BABB clearing method,[43](#cpr12578-bib-0043){ref-type="ref"} PEGASOS remains the only technique capable of combining dynamic labelling with endogenous fluorescent labels due to its preservation of GFP or tdTomato signal.

It remains a concern whether decalcification treatment compromises the implant‐bone interface. Our study indicated that decalcification treatment has no detectable damage to the implant‐bone interface. PEGASOS clearing treatment also has no detectable effect on the interface. Decalcification treatment significantly improves bone and dental tissue transparency and has no impact on endogenous fluorescence. Therefore, we highly recommend incorporation of decalcification treatment in future tissue clearing studies on bone and dental tissues.

Second harmonic generation arises from type I collagen independently of GFP labelling.[44](#cpr12578-bib-0044){ref-type="ref"}, [45](#cpr12578-bib-0045){ref-type="ref"} A multi‐photon microscope is required for its detection.[46](#cpr12578-bib-0046){ref-type="ref"}, [47](#cpr12578-bib-0047){ref-type="ref"} Application of SHG on visualizing bone provides multiple advantages over conventional X‐RAY technique. First of all, SHG signal can be detected on both non‐decalcified and decalcified samples. Second, SHG signal can be combined with other fluorescent labels. Third, resolution of an SHG signal image can be easily improved by using a high‐magnification objective. If needed, an SHG image can be acquired with a 40×/1.3NA objective to achieve \~0.2 µm lateral resolution, which is far better than any current µCT equipment. In addition, SHG image has no halation surrounding metal implant, which is a common artefact for µCT analysis.[48](#cpr12578-bib-0048){ref-type="ref"}, [49](#cpr12578-bib-0049){ref-type="ref"}

Although angiogenesis is known to be a prerequisite for osteogenesis, our study indicates that successful angiogenesis does not guarantee successful osteogenesis. Titanium and stainless steel implants possess different capability on supporting osteogenesis and implant osseointegration. It is possible that stem cell populations supporting bone healing and osseointegration were differentially affected near the surfaces of titanium or stainless steel implant. Further investigation is needed to test this hypothesis.

Polyethylene glycol‐associated solvent system method has its own limitations when imaging implant‐tissue interface. First of all, PEGASOS treatment leads to differential shrinkage among soft and hard tissues, which may cause anisotropic distortion for organs composed of multiple tissue types. Second, although PEGASOS protects endogenous fluorescence better than other solvent‐based clearing methods, it still compromises GFP or tdTomato fluorescence intensity significantly. Third, auto‐fluorescence from bone marrow and muscle tissue may increase after clearing treatment, which deteriorates signal/noise ratio especially in deep region.[30](#cpr12578-bib-0030){ref-type="ref"} Our laboratory is working to improve PEGASOS method to overcome these limitations.

In the current study, we introduced the application of the PEGASOS tissue clearing method on studying bone‐implant interface. By using *Cdh5‐Cre^ERT2^*; *Ai14* mouse model to label vascular endothelium, we demonstrated the angiogenesis and osteogenesis processes at the implant‐bone interface. We showed that both titanium and stainless steel implants support angiogenesis, but only titanium implants support osteogenesis and osseointegration. 3‐D multi‐channel images of calcein green labelling with other signals further confirmed the distinct osteogenic activities on surfaces of two different types of implant. PEGASOS tissue clearing--based deep imaging provides a valuable new tool for studying tissue‐material interactions and will help researchers to design better strategies for tissue engineering and regeneration.
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